The changes in composition of muscle interstitial fluid during severe exercise is discussed, and a study of the effect on muscle receptors of one such change, an increase in potassium ion concentration, is described. Results of experiments on rat muscle are presented which indicate that receptors in muscle are protected from great changes in potassium ion concentration by barrier membranes with structure and properties capable of adaptation in response to intensive muscular activity. The adaptation could delay the onset of receptor fatigue and muscle pain.
Introduction
The physiology of severe muscular activity is more than a simple extension of the physiology of moderate exercise. It is clear that new concepts are required if the adaptation of muscle to advanced forms of training is to be predicted, or even assessed. In a recent paper, we (Charlesworth & Kidd, 1971) suggest that an increase in the ability of an athlete to tolerate the discomforts of severe anaerobic activity is one of several factors involved in the improvement following intensive training. The particular form of training cited was shuttlerunning.
In the present paper we will discuss the results of an investigation made in the Department of Physiology at the University of liverpool of the susceptibility of muscle receptors to substances released from muscle fibres during severe activity.
If a muscle is to receive an adequate blood supply to meet the demands of activity, its vascular system must dilate. The dilatation in response to even moderate activity is near to maximal (Fig. 1) . It is generally accepted that a local action by substances produced by or released from active muscle fibres is responsible for the early stage of hyperaemia: with the potassium ion (K+) as a most important agent. That ion is released from muscle fibres when they are excited, and appears in the venous effluent of maximally active muscles at a concentration double that usually found in the venous blood of muscles at rest (Kjellmer, 1961 (Kjellmer, , 1965 We will argue, however, that some parts of the intramuscular nervous system exist in a special environment bounded by membranes with the ability to restrict the passage of substances likely to interfere with nervous activity, and to do so because active transport systems in cells comprising the membranes are operating. (An excellent discussion of this form of activity is contained in Merriflees, 1960) . It is possible that the effectiveness of the protective systems is increased by an adaptation to the stress of severe muscle activity as their metabolism changes in parallel with those of other muscle systems.
Methods
The preparation used for the experiments is described in detail elsewhere (Gladden & Kidd, 1969 ), but consists essentially of an extremely thin slip of muscle at the tail base of the rat. It is a real muscle in that it plays an important part in the postural and equilibrium mechanisms of the animal. The muscle, with its innervation and vascular systems undisturbed is arranged in a bath which can be filled with different solutions to imitate the changes in interstitial composition taking place when a muscle becomes active. This interstitial approach by active substances can be compared with the effects of an intra-arterial approach by using a modification of the preparation, in which the caudal artery supplying the muscle is catheterised (Gurumurthy & Kidd, 1967) .
A dissection of the spinal cord and its roots enables recordings to be taken of the discharge of receptor afferent activity from the muscle. The action potentials are photographed from the screen of an oscilloscope.
The muscle mechano-receptors were excited by stretch applied to the muscle by an electromagnetic device energised by a waveform generator. The details of this part of the preparation are contained in Kidd, Kucera & Vaillant, 1971 .
Results
The response to stretching and maintained stretch of a primary (annulospiral) ending of a muscle spindle as it is subjected to concentrations of K+ above that found in resting muscle is useful as a model. With normal concentrations of K+ (4.5 mEq/L) bathing the muscle the receptor responds by showing a distinct threshold to stretch, a pronounced dynamic sensitivity (indicated by the appearance of a cluster of high-frequency action potentials as stretch is reaching its maximum) and a regular discharge of action potentials when stretch is maintained. These features of the response are seen in (Fig. 2b) . It takes between 1.0 and 1.5 min. for this effect to develop, and 30 sec. later, an additional increase in excitability of the receptor is seen which takes the form of the discharge of action potentials by the unstretched receptor (Fig. 2c &  2d) . Record A was obtained with the muscle bathed in a solution containing normal potassium ion concentration. Records B -D were obtained at 30 sec. intervals starting 1.5 min. after the muscle had been subjected to 2 x normal potassium ion concentration.
The records of Fig. 2c and 2d show, however, that the enhanced excitability in response to raised K+ concentration occurs at the expense of a regular discharge during maintained stretch the irregularity of appearance of action potentials suggests interference with the essentially reliable signalling mechanisms of the stretch reflex (Sharp, 1971 Fig. 3a and 3b . The remaining sets of records show the effect of bathing the muscle in the K+ enriched solution, and were taken at 30 sec. intervals. Fig. 3c, d , e, f, g and h confirm Fig. 2 , but the other recordings, obtained after subjecting the receptor to the solution for between 120 and 180 sec., show that the excitability is depressed and eventually almost abolished. (Kidd & Kucera, 1969) .
The qualification, in italics, of the susceptibility of pain afferents from muscle is most important. They are present in the muscle, they are responsive to stimuli which are known to give rise to pain (Moore, Moore & Singleton, 1934) but they do not always respond to K+ at a concentration which is certainly adequate to influence the excitability of any structure it has access to. The K+ in the bathing solution could not, therefore, have access to them. This is not only an explanation of the results of these particular experiments: it is a restatement of a well known fact. Substances which are known to give rise to pain when they are injected into the blood supply of a muscle, do not do so when they are injected directly into the body of the muscle (Moore, et al 1934) . Once again, it would appear as though a barrier prevents an effective concentration of K+ from accumulating in the immediate vicinity of the receptor ending.
Pain, as every athlete knows, can arise in muscles subjected to severe and prolonged activity, and it arises earlier in untrained than in trained persons. We offer, as a working hypothesis, the argument that the barriers reduce the rate at which K+ accumulates in the effective environment of a receptor ending. Exceedingly high concentrations, as a result of prolonged and severe activity, could overcome the 'delaying' action and affect the ending. The barriers probably incorporate active processes driven by the metabolism of cells and these could increase in effectiveness in response to a challenge of high interstitial K+ concentrations resulting from training procedures of adequate severity. The work in Liverpool is supported by an M.R.C. grant The photography was performed by Miss Barbara Atherton
